The effect of isovalent lanthanum (La) doping on the monoclinic Y 2 WO 6 photoluminescence was studied. Introducing the non-activated La 31 into Y 2 WO 6 brings new excitation bands from violet to visible regions and strong near-infrared emission, while the bands position and intensity depend on the doping concentration. It is interesting to find that doping La 31 into Y 2 WO 6 promotes the oxygen vacancy formation according to the first-principle calculation, Raman spectrum, and synchrotron radiation analysis. Through the Rietveld refinement and X-ray photoelectron spectroscopy results, La 31 is found to mainly occupy the Y2 (2f) site in low-concentration doped samples. With increasing doping concentration, the La 31 occupation number at the Y3 (4g) site increases faster than those at the Y1 (2e) and Y2 (2f) sites. When La 31 occupies different Y sites, the localized energy states caused by the oxygen vacancy pair change their position in the forbidden band, inducing the variation of the excitation and emission bands. This research proposes a feasible method to tune the oxygen vacancy emission, eliminating the challenge of precisely controlling the calcination atmosphere.
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T ungstates are a kind of self-activated luminescence materials. That can be divided into several categories, normal metal tungstates (MWO 4 ), rare earth tungstates (Re 2 WO 6 ) and poly-tungstates [1] [2] [3] . Since Kroger concluded that the lattice group (WO 4 22 /WO 6 62 ) itself was responsible for the luminescence origin 4 , what influenced tungstates luminescence properties was explored extensively such as morphology, size and dimension 5, 6 . In addition to intrinsic emission of anion-cation groups, there was also emission from defect states, inevitably incurred because of the abundant synthesis methods and flexible annealing temperatures and atmospheres [7] [8] [9] . For example, the photoluminescence intensity of amorphous BaWO 4 was higher than that of crystalline BaWO 4 because of different annealing temperatures 10 . Therefore, the tungstate hosts luminescent properties were of great interest 11, 12 . Though various methods have been employed to improve luminescent properties, process parameters especially annealing atmospheres, in particular oxygen partial pressure, were not controlled precisely 13 . An easy and convenient approach is to dope impurities in matrixes to enhance emission or obtain multi-color emission [14] [15] [16] . The impurity can be any elements for the non-isovalent doping, such as trivalent rare earth and monovalent alkaline metal ions 17, 18 . This method has been extensively investigated in luminescent compounds, photocatalysts, and magnetic materials. For example, La 31 -doped ZnO has high photocatalytic activity 19 , and LaCoMnO 6 presents the coexistence of ferromagnetic and antiferromagnetic properties with increased Ca 21 substitution amounts 20 . For tungstates, this approach mainly aims at enhancing luminescent intensity, changing optical activity, or broadening emission wavelength range [21] [22] [23] . For instance, the emission wavelength of CaW (Mo)O 4 nanoparticles was tuned from blue-green or yellow to white by increasing the Dy 31 concentration 24 . In addition, there are considerable reports on the La 31 doping effect on the luminescence properties of PbWO 4 25, 26 . According to the first principles study, different electronic compensation effects lead to different defect states in the band gap for high and low doping conditions, which explains the 420 nm band origin and new red absorption band 27 .
Similarly, the isovalent doping can also change the luminescence properties of matrixes such as salt compounds and oxides 28, 29 . White up-conversion luminescence and enhanced emission were obtained in Yb 31 [33] [34] [35] [36] [37] 39 . The main purposes of these investigations are how to obtain white-light emission or promote energy conversion efficiency. The oxygen vacancy and local crystal structural regulation of monoclinic Y 2 WO 6 by non-activated ions have not been reported until now. Recently, we 40 found that the atmosphere and calcination temperature induced the changes of oxygen vacancy concentration and tungsten coordination number in monoclinic Y 2 WO 6 , and thus affected the appearance of longwave excitation and near-infrared emission bands. By calcining Y 2 WO 6 in the air at 1200uC, the 340 nm excitation band, caused by low-concentration oxygen-vacancy, was substantially enhanced in comparison with those calcined at high temperature or in argon. Calcining in argon resulted in strong infrared emission because of the increased oxygen vacancy concentration 40 . But the oxygen partial pressure, which depends on the airtightness of the furnace, cannot be controlled purposefully when the sample is calcined in the air. Therefore, it is ideal to tune the oxygen vacancy by a simple and feasible method on the basis of the doping approach advantages. Moreover, the mechanism behind the impurity effect on the luminescence of the matrix needs more intensive investigation to make up for the deficiency of the previous theory.
In this paper, a series of Y 2 WO 6 :xLa 31 (x 5 0 and 0.01-0.05) powders are synthesized in air condition at 1250uC through the simple solid phase reaction. These samples show strong visible emission. It is surprising to find that the 340 nm excitation intensity of the powders with dopant concentration not more than 3 at% is stronger than that of the pristine Y 2 WO 6 . The La 31 doping can also produce many new excitation bands in the ultraviolet and visible regions. These new excitation bands are ascribed to the different oxygen vacancy pair behavior induced by occupation variation of La 31 in the three Y sites. When La 31 enters into the Y2 (2f) site at low concentration, the oxygen vacancy pair energy band locates just above the valence band (VB), intensifying the 340 nm excitation band. At high doping concentration, the occupation number of La 31 in the Y3 (4g) site becomes high, bringing new localized energy states and excitation bands and weakening the 340 nm excitation intensity. The change of oxygen vacancy energy states generates different luminescence phenomenon.
Results and Discussion
Crystal structure. The crystal structure of pure Y 2 WO 6 is monoclinic phase with space group 13-P 12 /C 1 -C 2h 4 reported by Efremov 41 , whose inorganic crystal structure database (ICSD) number is 20955. In order to check the phase purity of as-prepared samples, X-ray diffraction (XRD) measurement results are plotted in Figure 1 . All the XRD patterns agree well with the patterns of powder diffraction file (PDF) card 73-0118 and no peaks from other phases such as La 2 . The structure refinement of Y 2 WO 6 :xLa 31 (x 5 0.03, 0.05) powders was performed through the general structure analysis system (GSAS) software package 43 . The calculated patterns are consistent with the experimental XRD patterns (Supporting Information, Figure S1 (a) and (b)). The atomic positions, occupation numbers, crystal structure and refinement parameters are listed in Table 1 31 also possesses a stable structure as evidenced by the invariability of the XRD patterns ( Figure 1 ) [46] [47] [48] [49] .
Photoluminescence properties. Figure 2 shows the photoluminescence (PL) emission and excitation spectra of all Y 2 WO 6 :xLa 31 (x 5 0 and 0.01-0.05) samples. Under 340 nm excitation, the PL emission spectra have broad band shapes covering from 365 to 650 nm with maximal value around 470 nm. This band results from charge transition emission between the local oxygen 2p states (just above the VB) and the conduction band (CB) 40 . The PL intensities in pure and low-concentration La Table S1 ) 50 . Thus, the emission band is composed of at least two overlapping bands 50 . Moreover, the powders also show the near-infrared emission in the scope of 1000-1700 nm as depicted in Figure 3 (a)-(f). The pure sample displays strong luminescence in the 1300-1400 nm region and weak emission in the 1450-1650 nm region. Under the 340, 378, 489, 512, 521, and 532 nm excitations, the 1-3 at% La 31 -doped samples show strong emissions in two regions (1300-1400 nm and 1450-1650 nm). When the concentration continues to rise to 4 at% and 5 at%, the infrared luminescence is also observed in two regions (1300-1400 nm and 1450-1700 nm), besides much stronger emission from 1000 to 1150 nm. In order to exhibit the fine structure clearly, we have enlarged the emission spectra of 4 at% and 5 at% La 31 doped samples from 1300 nm to 1700 nm (supporting information, Figure S2 ). Tuning the La 31 content changes the infrared luminescence, suggesting the presence of ample local states in the band gap 51 .
To obtain a better understanding of photoluminescence phenomenon, Figure 2 (b) displays the excitation spectra of all samples by monitoring 520 nm emission. All samples show three excitation bands containing two short wavelength bands (peaking at 280 and 310 nm) and one long wavelength band (peaking at 340 nm). When La 31 doping concentration increases from 1 at% to 3 at%, the 340 nm band gradually intensifies compared with the pristine sample. When the doping concentration exceeds 3 at%, the intensity of this band gradually weakens. A similar excitation band also appeared in other tungstates such as CaWO 4 52 vibration modes. As we know, Raman spectra of tungstates can be identified with two types of groups as external and internal vibration modes 55 . The external vibration modes concerning lattice phonons correspond to the motion of polyhedral YO 8/7 clusters. The internal vibration modes originates from the vibration of distorted octahedral WO 6 clusters 56, 57 , which are written as C internal vibration~A1g z E g zF 2g z2F 1u z2F 2u .
The Raman active vibration modes of all Y 2 WO 6 :xLa 31 powders ranging from 100 to 1000 cm 21 are shown in the Supporting Information ( Figure S3 ). 40 , it is confirmed that the local crystal structure is sensitively affected by the calcination environment which depends on the individual furnace used during the samples preparation.
The . Therefore, the tetra-and penta-fold tungsten atom numbers become larger after La ions are introduced into Y 2 WO 6 . To study the crystal environments further, the extended
applied to determine the local structure around W atoms. Through Fourier transformation of the fine structure signals, Figure S4 shows the radical structure functions of W atoms. A strong peak in Figure  S4 corresponds to the nearest neighbor O atoms of W ion. Furthermore, the fitting results are given in Table S2 by further Fourier fitting of this peak.
The average coordination number (CN) of tungsten and oxygen can be calculated as CN 5 (attenuation factor) 3 6/A, where A is the value of W-O in standard sample (generally 0.7-0.9) and 6 is the theoretical coordination number. From the table S2, the average number of tungsten is reduced with the increase of La 31 content. Hence, it is confirmed further that oxygen vacancy concentration becomes high gradually. Though the attenuation factor of 2 at% La 31 -doped sample is slightly larger than those of 1 at% and 3 at% Ladoped samples, the three values are assumed approximately equal. The tungsten CN is gradually reduced with increasing La 31 concentration, which hints that oxygen vacancies exist in all samples. Since the external environments are the same in the experiment, the oxygen vacancy variation is undoubtly ascribed to the doping effect of La 31 . In order to shed more lights on the La 31 information in Y 2 WO 6 , the XPS spectra of the La 3d core level for the Y 2 WO 6 :xLa 31 with x 5 0.03 and 0.05 are shown in Figure 4 . The La 3d XPS in the two samples can be fitted as a superposition of four Gaussian components. The peaks at 834 and 851 eV can be attributed to two spin orbits of La 3d 5/2 and La 3d 3/2 , respectively 58 . The other two peaks at 837 and 854eV are La 3d satellite peaks. Hence, the double peak structure of each spin-orbit split agrees with the reported literatures 59 . 59 . Thus, Photoluminescence mechanism. To obtain the deep understanding of luminescence origin, the first principle method is often applied to derive electronic structures of luminescent materials 62 . The appearance of four-and five-coordination tungsten atom numbers from the pure to different-concentration La 31 -doped samples indicates that the oxygen vacancy concentration increases gradually with incorporation of La 31 into the samples. Hence, we first establish a perfect 1 3 2 3 1 Y 2 WO 6 supercell, and then one or two oxygen atoms next to tungsten are removed to constitute single and twin oxygen vacancies together with replacing the nearest Y atom with a La atom (these models are labeled as La Yk 1 V O(i) and La Yk 1 V O(ij) with k 5 1, 2, and 3 and i, j 5 1, 2, 3, 4, 5, and 6, i ? j). Under oxygen-rich atmosphere, the defect formation energies (E formation ) of various models when oxygen vacancy locates at different sites are plotted in Figure 5 . As illustrated in Figure 5(a) , for the models containing one oxygen vacancy, the variation rules of E formation are the same for the undoped and La For self-activated luminescent tungstates, the CB and VB are mainly composed of W 5d and O 2p states. Thus, the tungstate luminescence origin is intrinsic luminescence 62 . Moreover, luminescence caused by intrinsic defects such as oxygen vacancies or interstitial atoms also exists in tungstates 63, 64 . For our samples, there exists amply oxygen vacancy luminescence information. As previously reported, the origin of the 340 nm excitation band is ascribed to low-concentration oxygen vacancy namely some five coordination tungsten atoms 40 . In samples containing La 31 , the oxygen vacancy concentration increases in comparison with the pristine Y 2 WO 6 , resulting in some four and five-fold tungsten atoms.
Based on these results, we calculate the electronic structure of the samples containing both La 31 and an oxygen vacancy pair, to exploit the role of La doping on the behavior of the oxygen vacancy pair. As found previously 40 , single oxygen vacancy accounts for the excitation bands shorter than 400 nm (340 nm), while oxygen vacancy pair causes a series of excitation bands from 380 to 600 nm. We only need to find out why in the low-concentration La 31 -doped sample which contains an oxygen vacancy pair like the high-concentration La 31 -doped samples the 340 nm excitation band dominates. La 31 prefers to enter into the Y2 site at low concentration and then enters into the Y3 site at high concentration. Therefore, we studied the electronic structures of samples containing an oxygen vacancy pair, where La 31 occupies three Y sites, namely La Y1 , La Y2 , and La Y3 , respectively. When the E formation of these structures are closest to the average value of E formation in La Yk 1 V O(ij) , we calculated their electronic properties.
On the basis of the Y 2 WO 6 crystal structure 65 , three-type Y sites are surrounded by different kinds of oxygen atoms. The nearest When these samples are radiated under ultraviolet (UV) light larger than the gap value (E gap ) 3.75 eV, the electrons jump from the VB to the CB then relax and finally emit photons. Thus, the 280 nm and 310 nm excitation bands can be produced. When the UV light energy is smaller than E gap , the electrons in (3) states (local O 2p states) jump to the CB, generating the 340 nm excitation peak, while electrons jumping from (3) to (4) (local W 5d states) produce the 378 nm weak excitation band. Therefore, the 340 nm peak intensifies gradually with increasing La Y2 numbers (not more than Y2 sites numbers). When the doping concentration increases, the content variation of La Y3 is larger than those of La Y2 . The electrons in (5) also jump to the CB corresponding to 340 nm excitation. However, the transition from (5) to (6) becomes a direct transition leading to strong 592 nm excitation, which weakens the electron transition for the contribution of 340 nm. Therefore, the 340 nm intensity becomes weak (does not disappear) in high-concentration La 31 -doped samples.
From a phenomenological viewpoint, the occupation number of Y2 site becomes higher but does not reach saturation, and La 31 tends to occupy the Y3 sites at high doping concentrations. Thus, the 340 nm band intensity strengthens at low La content and then weakens with further increasing doping concentration. In addition, a few La 31 ions enter into the Y1 site as shown in table 1, and the transitions between the VB and the local states (1) can produce some excitation peaks around 500 nm. When La 31 occupies different Y sites, along with the oxygen pair, the local crystal structure shows different changes such as bond length and electronic density. The W-O bond length was measured as shown in Table S3 . Since the six W-O bond lengths are unequal, the average values are computed. The average bond length variations in models La Y1 1 V O (36) , La Y2 1 V O (24) , and La Y3 1 V O (14) are 0.048, 0.026, and 0.045 Å , respectively. One can see that the bond lengths change relative to the pristine system in model La Y2 1 V O(24) is the smallest, and thus smallest distortion promotes the 340 nm excitation intensity. For models La Y1 1 V O (36) and La Y2 1 V O (24) , bigger distortions lead to other forbidden transitions becoming allowed transitions, thus weakening the 340 nm intensity. Different bond length variations result in different local state distributions in the band gap. Table 3 lists the energy level positions of VB maximum (VBM), local states, and CB minimum (CBM). From Figure 6 , Figure S5 and Table 3 , one can see that the 340 nm excitation band weakens or disappears when La 31 enters into the Y3 or Y1 sites. Therefore, the first principle calculation explains the gradual death of the 340 nm excitation band and the emergence of many new peaks. Finally, the schematic oxygen vacancy forming process is plotted ( Figure S6 ).
Conclusion.
In the present paper, we study the concentration effect of isovalent La 31 doping on the photoluminescence of monoclinic 
Experiment and calculation details
Samples preparation and characterization. Y 2 WO 6 :xLa 31 (x 5 0 and 0.01 , 0.05) powders were prepared through solid-state reaction. The detailed experiment steps and characterization methods were described previously 34, 40 . For La 31 -doped samples, the raw materials were added different amounts of La 2 O 3 . The chemical state of the La element was examined by x-ray photoelectric spectra (XPS) using a Thermoelectron ESCALAB 250 spectrometer equipped with monochromatic Al X-ray source (1486.6 eV).
Calculation procedures. To determine formation energy and the electronic structure, we use VASP software to simulate the doping effect in periodic supercell structures 69 . In the following, the La Y1 model was used an example to illustrate the calculation steps. First, a unitcell was built, and then relaxed fully. Second, the relaxed unitcell was expanded to a 1 3 2 3 1 supercell. For samples containing single or coupled oxygen vacancy, we constructed and fully optimized the 1 3 2 3 1 supercell, where one La substituted for Y1 and O1 or O1 and O2 (six-type oxygen sites) atom(s) near the W atom neighboring La was removed. Third, the defect formation energy (E formation ) of all La Yk 1 V O(ij) models were calculated. Finally, when the E formation of one model was closest to the average value of the fifteen models in every type of La Yk , the DOS and energy band structure were computed. In order to overcome the bandgap underestimation drawback of density function theory (DFT) calculation, the generalized gradient approximation (GGA) 1 U method was applied in all calculations. Through a series of tests, the optimal U values for O, Y, La and W were found to be 4. 
